Abstract: Thermal energy storage (TES) is a highly effective approach for mitigating the intermittency and fluctuation of renewable energy sources and reducing industrial waste heat. We report here recent research on the use of composite phase change materials (PCM) for applications over 700 • C. For such a category of material, chemical incompatibility and low thermal conductivity are often among the main challenges. Our aims are to address these challenges through the formulation of form-stable composite PCMs and to understand their thermophysical properties. The eutectic K 2 CO 3 -Na 2 CO 3 salt was used as a PCM with MgO as a form stabilizer. We found that such a formulation could maintain shape stability with up to 60 wt.% PCM. With a melting point of~710.1 • C and an energy density as high as 431.2 J/g over a temperature range between 550 • C and 750 • C, the composite PCM was shown to be thermally stable up to 885 • C. An addition of 10 wt.% SiC enhanced the overall thermal conductivity from 1.94 W·m −1 K −1 to 2.28 W·m −1 K −1 , giving an enhancement of 17.53%. Analyses of thermal cycling data also showed a high extent of chemical compatibility among the ingredients of the composite PCM.
Introduction
Energy demand is projected to increase due to global economic growth and rising middle class populations. For example, the global energy demand rose by 2.1% according to the International Energy Agency (IEA) [1] in 2017, which is more than twice the previous year's rate. Meanwhile, fossil fuels still account for more than 70% of total consumption, leading to carbon emissions at a historical high of 32.5 gigatons in 2017. Therefore, the control of carbon emissions without reducing economic growth has been one of the world's greatest challenges [2] . Large scale utilization of renewable energy sources and enhancement of energy efficiency of current processes are regarded as two of the most promising approaches to addressing these challenges [3, 4] . One of the key issues that restricts the large scale deployment of renewable energy technologies is associated with intermittency and fluctuation which leads to a mismatch between energy supply and demand [5] . Energy storage offers an effective solution to the issue [6] . Energy storage could also enhance overall efficiency of energy networks [7] . There are many different energy storage technologies. This work is concerned with thermal energy storage (TES). Such a technology has a vital role to play in our current energy systems as heat is at the heart of the energy supply chain, linking primary energy and secondary energy sources [8] . In addition, TES has a relatively high technical maturity as well as the lowest costs [9] . It currently accounts for over 50% of the world's storage installations excluding pumped hydro [10] .
Based on methods used to store heat, TES technologies can be broadly classified as either sensible heat storage, latent heat storage, and thermochemical energy storage. Our focus here is on latent heat storage, i.e., the use of phase change materials (PCM), particularly for high temperature applications (~700 • C). The work is motivated by industrial requirements, including concentrated solar power generation (e.g., tower technologies) and high temperature industrial waste heat recovery (e.g., glass, ironmaking, and steelmaking, etc.) [11, 12] . For applications over~700 • C, as will be briefly reviewed below, there are a limited number of PCM choices. Inorganic salts are among the most popular candidates due to their high stability at high temperatures, high energy storage density, and low costs [13] . However, these PCMs often face the two issues of chemical incompatibility with constructive materials at high temperatures and relatively low thermal conductivity [8] . An effective way to minimize this incompatibility is through form-stabilization of PCM, namely the formation of a composite PCM. Such a composite PCM could confine the molten salt in the matrix structure and maintain shape stabilization during the phase transition process, thus reducing the direct contact and corrosion between the molten salt and containers. Additionally, this composite PCM could be further enhanced in terms of thermal conductivity through the addition of highly thermally conductive and chemically compatible additives.
There have been lots of studies on inorganic salt-based form-stable composite PCMs with different phase change temperatures. Table 1 gives a summary of the recent literature published in this area. a EG is short for expanded graphite.
From Table 1 , one can observe the following:
• Most studies are on PCM use in low to medium temperature applications and eutectic nitrate salts are the most studied; • Very few studies have been done on PCM use in high temperature applications (>500 • C); • Carbon materials, particularly graphite, have been the main materials used to enhance PCM thermal conductivities, which are less likely to be applicable at high temperatures due to oxidation [5] ; • Little work has been done on the thermal conductivity enhancement of salt-based composite PCMs for applications above~500 • C;
• Different materials have been used as skeleton materials but many of them cannot be used at high temperatures;
The above brief summary suggests clear gaps in the literature with regard to composite PCM research. The specific objective of this work was therefore to develop formulations of composite PCMs for high temperature applications. The work involved the syntheses of form-stable composite PCMs with a eutectic salt (K 2 CO 3 -Na 2 CO 3 ), MgO and SiC. The eutectic salt (K 2 CO 3 -Na 2 CO 3 ) is used as a phase change material to store latent heat. MgO and SiC have high melting points of up to 3000 • C [31] and 2250 • C [32] . In addition, SiC is highly thermally conductive [33, 34] . Therefore, MgO and SiC have been used as structural supporting materials and thermal conductivity enhancers, respectively. Various methods (XRD, SEM, STA, etc.) were used to characterize the thermophysical properties and the thermal stability of the composite PCM.
Materials and Methodology

Preparation of Composite PCM
K 2 CO 3 (99%), Na 2 CO 3 (99%), MgO (99%) and SiC (99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. The salts were dried first in an oven at 150 • C for an hour to remove moisture. The Na 2 CO 3 and K 2 CO 3 salts were then mixed at a mass ratio of 52.2% to 47.8% to give a eutectic mixture, which was then mixed with MgO and SiC in appropriate proportions as shown in Table 2 . In this work, Sample S3 with an optimal mass ratio of K 2 CO 3 -Na 2 CO 3 to MgO (60:40, see detail in Section 3.1) was selected as a base formulation to ensure the shape would be stabilized when adding different amounts of SiC. With the selected base formulation, different amounts of SiC were added to study the thermal conductivity enhancement of the composites. Formulations shown in Table 2 are given in ratios. All the ingredients were mixed in the ball mill for 10 min at a rotating speed of 100 rpm. The mixed powders were then ready for composite PCM preparation following the so-called mix-sintering method:
The mixed powders were first compressed at 40 MPa to give tablets with a diameter of 15 mm; 2.
The raw tablets were heated up to 750 • C at a heating rate of 5 • C/min and maintained at 750 • C for 30 min; 3.
The composite PCM tablets were then allowed to cool to room temperature naturally.
Sample Characterization
A simultaneous thermal analyzer (STA 449F3 Jupiter ® , Netzsch, Germany) was used to characterize the thermophysical properties (enthalpy, phase change temperature and heat capacity) of the composite PCM samples. In a typical measurement, around 10 mg samples were placed in a platinum crucible and heated from 50 • C to 750 • C with a heating rate of 10 • C/min under a purge gas of 50 mL/min N 2 . The specific heat capacity was obtained according to the standards DIN51007 and following the sapphire method. The evaluation of specific heat is obtained by comparison of the measured sample with the known standard material (sapphire). Therefore, a blank curve, a sapphire standard curve, and a sample curve should be obtained continuously under the same testing conditions, i.e., using the same crucible, the same heating conditions, and the same purge gas. A thermogravimetric analysis (TG) test was also performed on an STA instrument but was assembled with a TG sample holder. In the TG test, around 50 mg of sample was placed in the Al 2 O 3 crucible and heated from 50 • C to 750 • C with a heating rate of 10 • C/min under a purge gas of 50 mL/min N 2 . X-ray diffraction (XRD, Bruker D8) was applied to characterize the chemical compatibility between the ingredients with a scanning angle of 5-90 • using CuK α1 radiation and a step size of 0.02 • . Scanning electron microscopy (SEM TM-3030, Hitachi, Tokyo, Japan) was used to study the microstructure of the material at 15 KV. Additionally, a coupled energy-dispersive X-ray spectroscopy (EDS) detector with SEM was used to obtain element distributions. A mercury intrusion porosimeter (Autopore IV 9500, Micromeritics Instrument Corporation, Norcross, GA, USA) was applied to measure the porosity and pore size distribution of the samples. Around 800 mg of sample was sealed in the sample holder for measurement. A laser flash analyzer (LFA427, Netzsch, Germany) was applied to measure the thermal conductivity of the sample at room temperature with a purge gas of 100 mL/min N 2 . A dilatometer (DIL 08, TA Instruments, New Castle, IN, USA) was used to cycle the material 100 times between 700 • C and 750 • C with a heating/cooling rate of 5 • C/min under a purge gas of 100 mL/min N 2 . In each thermal cycling, isothermal processes were set at 700 • C and 750 • C for 10 min to ensure the sample reached the desired temperature. Figure 1 shows photos of the sintered composite PCM samples with different formulations (Table 2) . Samples S1 to S3 (with less than 60 wt.% salt) present good shape stability after sintering with no observable defects. No PCM leakage was observed from these samples during the solid-liquid phase transition. Some cracks can be observed on Sample S5, which has the highest percentage of salt (80 wt.%). Deformation may be observed on Sample S4 after sintering, which contains 70 wt.% salt. Therefore, Sample S3, with 60 wt.% of salt, was taken as the optimal formulation, having the highest amount of PCM without any deformation or leakage after sintering.
Results and Discussion
Visual Observation of the Composite PCM
To enhance the charging and discharging rates, SiC particles were added to the formulation to increase the overall thermal conductivity of the PCM composites. Such an additive is chemically stable at high temperatures (up to~2000 • C [35] ) and has a thermal conductivity as high as 270 Wm −1 K −1 [33, 34] . Carbon materials such as graphite have been used as a thermal conductivity enhancer in the past but they are chemically unstable at high temperatures [5] . Samples with different percentages of SiC were prepared using 60% salt as the base formulation; see Sample S6 to Sample S10 in Figure 1 . Little effect on the shape stability of the samples can be seen due to the addition of SiC. 
Thermal Conductivity
Thermal conductivity is a parameter that indicates the rate of heat transfer through materials. Slifka et al. [36] found that the thermal conductivity of MgO at room temperature is 29.4 W·m −1 K −1 . Due to difficulties in accurately measuring the thermal conductivities of carbonates, the thermal conductivity of eutectic Na2CO3-K2CO3 has not been experimentally studied. Roest et al. [37] have simulated the thermal conductivities of Na2CO3 and K2CO3 by molecular dynamics. The authors reported that the computed thermal conductivities of Na2CO3 and K2CO3 at ~920 °C are 0.94 W·m −1 K −1 and 0.98 W·m −1 K −1 , respectively. The samples studied in this work are composites physically 
Thermal conductivity is a parameter that indicates the rate of heat transfer through materials. Slifka et al. [36] found that the thermal conductivity of MgO at room temperature is 29.4 W·m −1 K −1 . Due to difficulties in accurately measuring the thermal conductivities of carbonates, the thermal conductivity of eutectic Na 2 CO 3 -K 2 CO 3 has not been experimentally studied. Roest et al. [37] have simulated the thermal conductivities of Na 2 CO 3 and K 2 CO 3 by molecular dynamics. The authors reported that the computed thermal conductivities of Na 2 CO 3 and K 2 CO 3 at~920 • C are 0.94 W·m −1 K −1 and 0.98 W·m −1 K −1 , respectively. The samples studied in this work are composites physically synthetized using several components. Structural features like porosity may also significantly affect the overall thermal conductivity. For this reason, it would be difficult to estimate the theoretical thermal conductivity of the composites. This work reports the overall thermal conductivities of the composite PCMs with different concentrations of SiC at room temperature. Figure 2 shows the measured thermal conductivities of Sample S3 and Sample S6 to Sample S10. The experimental uncertainties are shown as error bars. The thermal conductivity of Sample S3 (without addition of SiC) measured at room temperature reaches 1.94 W·m −1 K −1 . One can see that the overall thermal conductivity of the composite PCM is enhanced when silicon carbide is added. One can also see that the thermal conductivity of the composite PCMs increases with increasing SiC content at first, but levels off at an SiC content level above~10%, where an enhancement of 17.53% is observed (Sample S8 gives a thermal conductivity of 2.28W·m −1 K −1 ). A further increase in SiC content gives no or a very small further increase in the thermal conductivity. The enhancements are 16.54% and 19.41% with an addition of 15 wt.% and 20 wt.% SiC, respectively. The effective thermal conductivity leveling off when the SiC addition is above 10 wt.% is attributed to an increasingly looser structure (more pores) of the composite with greater addition of SiC. This was observed in the SEM images and the porosity measurement, which is discussed in detail in Section 3.3. The increment in the porosity had a negative effect on the effective thermal conductivity of the composite due to very low thermal conductivity of air in the pores. When the amount of SiC addition reached a certain amount (~10% in this study), the negative effect of porosity increment was able to outweigh the benefits due to the high thermal conductivity of SiC. In addition, the energy density of the composite PCM decreased with an increasing amount of SiC addition. There would be, therefore, a compromise involving the maximum thermal conductivity enhancement with a minimal energy density decrease. As a result, Sample S8 with 10 wt.% SiC is considered as an optimal (or close to optimal) formulation in terms of the thermal conductivity enhancement and energy density reduction. In this section, thermal conductivities of the composites with different amount of SiC are discussed at room temperature. As thermal conductivity is temperature dependent and differs with different phases (e.g., liquid and solid phases), thermal conductivity of the composites at various temperatures is different. Navarro et al. [38] have reported that thermal conductivity of a NaNO 3 /MgO/C composite PCM decreased with increasing temperature within the solid phase. Aktay et al. [39] found a significant decrease in thermal conductivity when the PCM changed from the solid phase to the liquid phase. Therefore, it would be difficult to study the thermal conductivity around the working temperature, which is the phase change temperature. However, the effects of adding the thermal conductivity enhancer (SiC) and the effects of structural features on the overall thermal conductivity at room temperature may be found, which is important for determining the optimal percentage used to add the thermal conductivity enhancer. In the following sections, Sample S8 is regarded as the optimal sample and studied further in terms of its microstructure, chemical/thermal stability, and thermal properties. Figure 3 displays the microstructural images of the sintered samples Sample S3 and Sample S8 and the associated EDS maps. Figure 3a ,b show a cross section of Sample S3 at two different magnifications (100× and 500×) while Figure 3d ,e show the same for the Sample S8. SEM images at a magnification of 100× give overall views of the surface morphology of different samples, and using these we can find that the microstructure shown in Figure 3d is more porous than the microstructure shown in Figure 3a . Pores are marked using circles in the SEM images: circles in orange are of smaller size; circles in yellow are of larger size. It can be seen in Figure 3d that Sample S8 has a large number of small pores and also some large pores with a diameter larger than 100 µ m. Conversely, Sample S3 has fewer observable small pores but some larger pores and cracks, as seen in Figure 3a . SEM images at a magnification of 500× show more detailed information of the microstructure; SiC particles are observable in Figure 3e with sizes of ~40 µm to ~80 µm, which could be identified by the EDS image shown in Figure 3f . In addition, when comparing Figure 3b ,e, Sample S8 can be seen to display a looser structure, with more small pores observed (~10 µ m). Figure 3c ,f are the EDS mappings corresponding to Figure 3b ,e, which give the element distributions on the sample surface. One can see a uniform distribution of the K2CO3-Na2CO3 salt, MgO, and SiC, as reflected by the Na, K, Mg, O, and C elements. To compare the porosity of Sample S3 and S8 quantitatively, a mercury intrusion porosimeter was used to measure the porosity and pore size distribution of these samples. In Figure  4a , one can see that Sample S8 has a higher porosity (30.42%) with an average pore diameter of 66.0 nm. Meanwhile, Sample S3 has a lower porosity (22.44%) with an average pore diameter of 62.8 nm. As a result, Sample S8 has a lower bulk density than Sample S3. In Figure 4b , it can be found that Sample S8 has a large number of pores with a diameter of 16 µ m, which is consistent with the observations shown in Figure 3d ,e. By contrast, Sample S3 has a smaller quantity of pores with a diameter of 16 µ m but some large pores and cracks.
Microstructural Observations
Ge et al. [27] have indicated that the microstructure and the porosity of composite PCMs are related to the wettability between the liquid molten salt and solid particle surfaces. They concluded that a good wettability could densify the final composite, whereas a poor wettability would lead to a loose structure [26] . They also found that a eutectic molten salt (Na2CO3-Li2CO3) has a good wettability with a skeleton material (MgO) and hence a dense structure [27] . In this work, Sample S3, which does not consist of SiC, shows a denser or less porous structure than Sample S8. This was observed via SEM images and was also measured using the mercury porsimeter. Therefore, our work is consistent with the findings of Ge et al. [27] . The loose structure due to the addition of SiC is very Figure 3 displays the microstructural images of the sintered samples Sample S3 and Sample S8 and the associated EDS maps. Figure 3a ,b show a cross section of Sample S3 at two different magnifications (100× and 500×) while Figure 3d ,e show the same for the Sample S8. SEM images at a magnification of 100× give overall views of the surface morphology of different samples, and using these we can find that the microstructure shown in Figure 3d is more porous than the microstructure shown in Figure 3a . Pores are marked using circles in the SEM images: circles in orange are of smaller size; circles in yellow are of larger size. It can be seen in Figure 3d that Sample S8 has a large number of small pores and also some large pores with a diameter larger than 100 µm. Conversely, Sample S3 has fewer observable small pores but some larger pores and cracks, as seen in Figure 3a . SEM images at a magnification of 500× show more detailed information of the microstructure; SiC particles are observable in Figure 3e with sizes of~40 µm to~80 µm, which could be identified by the EDS image shown in Figure 3f . In addition, when comparing Figure 3b ,e, Sample S8 can be seen to display a looser structure, with more small pores observed (~10 µm). Figure 3c ,f are the EDS mappings corresponding to Figure 3b ,e, which give the element distributions on the sample surface. One can see a uniform distribution of the K 2 CO 3 -Na 2 CO 3 salt, MgO, and SiC, as reflected by the Na, K, Mg, O, and C elements. To compare the porosity of Sample S3 and S8 quantitatively, a mercury intrusion porosimeter was used to measure the porosity and pore size distribution of these samples. In Figure 4a , one can see that Sample S8 has a higher porosity (30.42%) with an average pore diameter of 66.0 nm. Meanwhile, Sample S3 has a lower porosity (22.44%) with an average pore diameter of 62.8 nm. As a result, Sample S8 has a lower bulk density than Sample S3. In Figure 4b , it can be found that Sample S8 has a large number of pores with a diameter of 16 µm, which is consistent with the observations shown in Figure 3d ,e. By contrast, Sample S3 has a smaller quantity of pores with a diameter of 16 µm but some large pores and cracks.
Ge et al. [27] have indicated that the microstructure and the porosity of composite PCMs are related to the wettability between the liquid molten salt and solid particle surfaces. They concluded that a good wettability could densify the final composite, whereas a poor wettability would lead to a loose structure [26] . They also found that a eutectic molten salt (Na 2 CO 3 -Li 2 CO 3 ) has a good wettability with a skeleton material (MgO) and hence a dense structure [27] . In this work, Sample S3, which does not consist of SiC, shows a denser or less porous structure than Sample S8. This was observed via SEM images and was also measured using the mercury porsimeter. Therefore, our work is consistent with the findings of Ge et al. [27] . The loose structure due to the addition of SiC is very likely due to the molten salt not wetting silicon carbide well. However, since no report has been made on the wetting behavior of the carbonate salts on SiC surfaces, the validation of this explanation needs further high temperature wetting experiments.
likely due to the molten salt not wetting silicon carbide well. However, since no report has been made on the wetting behavior of the carbonate salts on SiC surfaces, the validation of this explanation needs further high temperature wetting experiments. likely due to the molten salt not wetting silicon carbide well. However, since no report has been made on the wetting behavior of the carbonate salts on SiC surfaces, the validation of this explanation needs further high temperature wetting experiments. Figure 5 shows the SEM images and EDS maps of Sample S8 after 100 thermal cycles. It can be seen that the components of the composite remain uniformly distributed; see Figure 5c . Comparing the microstructure of Sample S8 before and after thermal cycling, some changes to the pore structure in the cycled sample are noticeable, which are likely due to swelling of the structure, leading to an enlargement of pores in the composite. Such a microstructural change does not seem to affect the integrity of the Sample as discussed in Section 3.1, but it does affect the effective thermal conductivity of the composites; see Section 3.3 for details.
Appl. Sci. 2019, 9, x 8 of 15 Figure 4 . Pore size, porosity, and density of Sample S3 and Sample S8. Figure 5 shows the SEM images and EDS maps of Sample S8 after 100 thermal cycles. It can be seen that the components of the composite remain uniformly distributed; see Figure 5c . Comparing the microstructure of Sample S8 before and after thermal cycling, some changes to the pore structure in the cycled sample are noticeable, which are likely due to swelling of the structure, leading to an enlargement of pores in the composite. Such a microstructural change does not seem to affect the integrity of the Sample as discussed in Section 3.1, but it does affect the effective thermal conductivity of the composites; see Section 3.3 for details. 
Chemical Compatibility
Chemical Compatibility between Different Components
The chemical compatibility of different components was studied by XRD. Figure 6 shows the XRD patterns of the eutectic salt (K2CO3-Na2CO3), MgO, SiC, and the sintered composite PCM (Sample S8). It can be found that all the peaks of the composite PCM correspond exactly to the peaks of the components. No new peaks were observed after sintering, indicating no chemical reactions among these components, meaning they are chemically compatible. 
Chemical Compatibility
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The chemical compatibility of different components was studied by XRD. Figure 6 shows the XRD patterns of the eutectic salt (K 2 CO 3 -Na 2 CO 3 ), MgO, SiC, and the sintered composite PCM (Sample S8). It can be found that all the peaks of the composite PCM correspond exactly to the peaks of the components. No new peaks were observed after sintering, indicating no chemical reactions among these components, meaning they are chemically compatible. Figure 7 displays the XRD patterns of Sample S8 before and after 100 thermal cycles. The peaks of the thermally cycled sample show one-to-one correspondence to the peaks of the sample before thermal cycling, which verifies the chemical compatibility conclusion drawn above. This also suggests the thermal stability of the composite material under the conditions of this set of experiments; see Section 3.6 for more discussion. Figure 8 shows a DSC curve of the Sample S8 composite PCM tested over a temperature range of 50 °C to 750 °C . The fluctuation at ~50 °C shown in the DSC curve is due to the unsteady status of the instrument at the beginning. With increasing temperature, a peak occurs at 483 °C with an enthalpy of 22.27 J/g. This is probably due to the partial crystal transition of SiC from 6H-SiC to 15R-SiC reported by Pezoldt et al. [40] , who studied the sputtering effects in hexagonal silicon carbide Figure 7 displays the XRD patterns of Sample S8 before and after 100 thermal cycles. The peaks of the thermally cycled sample show one-to-one correspondence to the peaks of the sample before thermal cycling, which verifies the chemical compatibility conclusion drawn above. This also suggests the thermal stability of the composite material under the conditions of this set of experiments; see Section 3.6 for more discussion. Figure 7 displays the XRD patterns of Sample S8 before and after 100 thermal cycles. The peaks of the thermally cycled sample show one-to-one correspondence to the peaks of the sample before thermal cycling, which verifies the chemical compatibility conclusion drawn above. This also suggests the thermal stability of the composite material under the conditions of this set of experiments; see Section 3.6 for more discussion. Figure 8 shows a DSC curve of the Sample S8 composite PCM tested over a temperature range of 50 °C to 750 °C . The fluctuation at ~50 °C shown in the DSC curve is due to the unsteady status of the instrument at the beginning. With increasing temperature, a peak occurs at 483 °C with an enthalpy of 22.27 J/g. This is probably due to the partial crystal transition of SiC from 6H-SiC to 15R-SiC reported by Pezoldt et al. [40] , who studied the sputtering effects in hexagonal silicon carbide Figure 8 shows a DSC curve of the Sample S8 composite PCM tested over a temperature range of 50 • C to 750 • C. The fluctuation at~50 • C shown in the DSC curve is due to the unsteady status of the instrument at the beginning. With increasing temperature, a peak occurs at 483 • C with an enthalpy of 22.27 J/g. This is probably due to the partial crystal transition of SiC from 6H-SiC to 15R-SiC reported by Pezoldt et al. [40] , who studied the sputtering effects in hexagonal silicon carbide and found such a transition at~400 • C. With a further increase in the temperature, a second peak occurs at 710.1 • C. This is the solid-liquid phase transition of the eutectic carbonate PCM, which has an enthalpy of 110.2 J/g. The DSC cure of the pure eutectic K 2 CO 3 -Na 2 CO 3 salt is also displayed in Figure 8 . One can see that the pure eutectic K 2 CO 3 -Na 2 CO 3 salt has a phase change enthalpy of 250.4 J/g at 709.7 • C. It can be found that the measured enthalpy of the composite (Sample S8) is lower than the theoretical enthalpy (136.47 kJ) which could be calculated by the weight percentage of the salt. Guo et al. [41] and Li [42] have both studied the experimental latent heat of the composite PCM compared to the theoretical values. They found that the structure of the additives could affect the crystal properties or the phase change process of the PCM.
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Thermal Properties of the Composite PCM and Energy Density
The heat capacity of the composite PCM at different temperatures was measured and is shown in the inset of Figure 8 . Robie et al. [43] have reported that the heat capacity of MgO at 1000 K is 1.27 J·g −1 K −1 (51.23 J·mol −1 K −1 ). Munro et al. [44] have measured a variety of sintered SiC materials and noted a heat capacity of 1.2 J·g −1 K −1 at 1000 • C. However, studies about the heat capacity of the eutectic salt K 2 CO 3 -Na 2 CO 3 are limited. Huayi et al. [45] have estimated that the heat capacity of the eutectic salt K 2 CO 3 -Na 2 CO 3 is~1.65 J·g −1 K −1 given the heat capacities of the pure salts (those of Na 2 CO 3 and K 2 CO 3 are 1.79 and 1.51 J·g −1 K −1 [46] ). The heat capacity of the composite PCM could be estimated by the values of the components. However, the realistic heat capacity of the material is temperature dependent. Therefore, the measured results at various temperatures might be different from the estimated values. With the measured heat capacity and the phase change enthalpy, the energy density of the composite PCM can be calculated by using the equation
where Q is the total thermal energy stored in a unit mass of the composite PCM; C s and C l are heat capacities of the composite PCM before and after the phase change, respectively; T 1 , T 0 and T m denote, respectively, the upper bound temperature, lower bound temperature, and the phase change temperature of the composite PCM; and ∆H m represents the latent heat of the phase change process. As discussed above, the composite PCM under study has a phase change temperature of 710.1 • C. We take a temperature range between 550 • C and 750 • C for the energy density calculation. The reasons for this are: first, the composite PCM is intended for high temperature applications, e.g., for the next generation of concentrated solar power generation; second, we intend to give a conservative estimation of the energy density. For an easy use of the measured specific heat capacity in Equation (1), the measured heat capacity values are fitted into two polynomial functions respectively for the solid and liquid phases of the PCM as follows:
1.
Temperature range between 550 • C and 710 • C (where C p is in J·g −1 • C −1 and T is in • C):
2.
Temperature range between 710 • C and 750 • C:
Inserting Equations (2) and (3) and other parameters into Equation (1), it may be found that the total thermal energy storage per unit mass of the composite PCM between 550 • C and 750 • C is 431.2 J/g, which contains both the sensible heat in the desired temperature range (550 • C to 750 • C) and the latent heat of the phase change process. As thermal energy contained in the composite below 550 • C and above 750 • C can also be used, the actual energy density can be a lot higher than this. 
Thermal Stability of the Composite PCM
The thermal stability of the composite PCM was measured by TGA. Figure 9 shows the TG curve of the composite PCM (Sample S8). One can see that the onset decomposition temperatures of the composite PCM at a heating rate of 5 and 10 K/min are ~894 °C and ~885 °C , respectively [47] . When the temperature is over 900 °C , it starts to decompose rapidly. The residual substance of the composite PCM (S8) after the TG test (heated over 950 °C ) was analyzed by XRD to understand the decomposition products. In Figure 10 , one can see that the three substances are the main decomposition products which have remained, which are MgO, Na2MgSiO4, and K2MgSiO4. Kim et al. [48] have studied the decomposition of Na2CO3 and found that it starts to decompose slowly after 850 °C . Lehman et al. [49] have found that K2CO3 starts to decompose slowly after 900 °C . In addition, the decomposition of Na2CO3 and K2CO3 occurs in two consecutive steps: (1) A2CO3 (l) = A2O (s) + CO2 (g); (2) A2O (l) = 2A (g) + ½ O2 (g); where A stands for Na2CO3 or K2CO3. Therefore, it can be deduced that decomposition products like Na2O and K2O could react with SiC and MgO at high temperatures. As a result, the reaction has produced Na2MgSiO4 and K2MgSiO4. However, the chemical reaction during decomposition still needs to be further studied. From the preliminary study of the thermal stability given above, this composite could stand at a relatively high temperature (~850 °C ). Long-term stability of this material and the degradation kinetics during decomposition can be a meaningful subject for future study [50] . 
The thermal stability of the composite PCM was measured by TGA. Figure 9 shows the TG curve of the composite PCM (Sample S8). One can see that the onset decomposition temperatures of the composite PCM at a heating rate of 5 and 10 K/min are~894 • C and~885 • C, respectively [47] . When the temperature is over 900 • C, it starts to decompose rapidly. The residual substance of the composite PCM (S8) after the TG test (heated over 950 • C) was analyzed by XRD to understand the decomposition products. In Figure 10 , one can see that the three substances are the main decomposition products which have remained, which are MgO, Na 2 MgSiO 4 , and K 2 MgSiO 4 . Kim et al. [48] have studied the decomposition of Na 2 CO 3 and found that it starts to decompose slowly after 850 • C. Lehman et al. [49] have found that K 2 CO 3 starts to decompose slowly after 900 • C. In addition, the decomposition of Na 2 CO 3 and K 2 CO 3 occurs in two consecutive steps: (1) A 2 CO 3 (l) = A 2 O (s) + CO 2 (g); (2) A 2 O (l) = 2A (g) + 1 2 O 2 (g); where A stands for Na 2 CO 3 or K 2 CO 3 . Therefore, it can be deduced that decomposition products like Na 2 O and K 2 O could react with SiC and MgO at high temperatures. As a result, the reaction has produced Na 2 MgSiO 4 and K 2 MgSiO 4 . However, the chemical reaction during decomposition still needs to be further studied. From the preliminary study of the thermal stability given above, this composite could stand at a relatively high temperature (~850 • C). Long-term stability of this material and the degradation kinetics during decomposition can be a meaningful subject for future study [50] . 
Conclusions
A high-temperature form-stable composite PCM was prepared and investigated in this work, which used the eutectic K2CO3-Na2CO3 as the phase change material, MgO as the shape stabilization material, and SiC as the thermal conductivity enhancer. The composite PCM was shown to be able to shape-stabilize up to ~60% of the PCM with no leakage nor deformation after sintering. An addition of 10% SiC enhanced the overall thermal conductivity from 1.94 W·m −1 K −1 to 2.28 W·m −1 K −1 , which gave an enhancement of 17.53%. Additionally, a 10% addition of SiC was found to be optimal since a higher content of SiC than 10% did not give much further enhancement. Microscopic studies showed uniform distributions of the components within the composite PCM structure after 100 thermal cycles. XRD studies indicated high chemical compatibility between different components after repeated thermal cycling. Thermal analysis showed that the composite PCM had a melting point of ~710.1 °C and an onset decomposition temperature of ~885 °C at a heating rate of 10 °C /min. The energy density of the composite PCM was found to be 431.2 J/g for a temperature range of 550 °C -750 °C , which combined both the sensible heat and the latent heat. 
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